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ABSTRACT 



The moss is the area at the footpoint of the hot (3 to 5 MK) loops forming the core of the active region where emission is believed 
to result from the heat flux conducted down to the transition region from the hot loops. Studying the variation of Doppler shift as 
a function of line formation temperatures over the moss area can give clues on the heating mechanism in the hot loops in the core 
of the active regions. We investigate the absolute Doppler shift of lines formed at temperatures between 1 MK and 2 MK in a moss 
area within active region NOAA 11243 using a novel technique that allows determining the absolute Doppler shift of EUV lines by 
combining observations from the SUMER and EIS spectrometers. The inner (brighter and denser) part of the moss area shows roughly 
constant blue shift (upward motions) of 5 km s _1 in the temperature range of 1 MK to 1.6 MK. For hotter lines the blue shift decreases 
and reaches 1 km s _1 for Fe xv 284 A (~ 2 MK). The measurements are discussed in relation to models of the heating of hot loops. 
The results for the hot coronal lines seem to support the quasi- steady heating models for non- symmetric hot loops in the core of active 
regions. 

Key words. Sun: corona - Sun: activity - Sun: UV radiation 



1. Introduction 

Active regions dominate the solar emission at EUV and X- 
ray wavelengths whenever they are present on the solar sur- 
face. Moreover they are the sources of most of the solar en- 
ergetic phenomena. As such, active regions are a privileged 
target for studies of the solar activity of magnetic origin. 
Thus, studying the motions and flows over active regions have 
the potential of setting observational constraints on models of 
corona l heating and prov i de some c l ues to solve this prob- 
lem (Doscheketal. 2007; Haraetal. 2008; Del Zanna 2008; 
iBrooks & Warredl2009UWarren et al.ll2010h . 

Recent Observations from Hinode (iCulhane et al.l I2007I) 
show two different types of active region loops: warm loops 

(> 2 MK, 
warm loops 

are multi- s tranded structures impulsively heated by storms of 
nanoflares dWarren et al I l2003b lKlimchukll2006l: iTripathi et aD 
l2009b lUgarte -Urra et al I l2009l: Klimchuk 2009|). 

However, in the case of hot coronal loops, there is obser- 
vational support for both steady heatin g (Antiochos et al. 2003; 
War ren et ail l2008k Iwinebarge r et al.l I2OO8I: IBrooks & Warred 
2009t IWarren et al.l l2010t f Winebar eer et al.l I201 lh and unpuT 
sive heating (ITripathi etal] 2010b: Bradshaw & K limchukl201ll: 
ITripathi et al.l201 lHViall et al. 2012) . Because of the unresolved 
nature of hot coronal loops ( Tripathi et al.l2009l) it is not possible 
to isolate a single loop and study its characteristics. One of the 
alternatives is to study the footpoints of the hot coronal loops, in 
the so-called "moss" areas. The moss is a bright re ticulated fea- 
ture o bserved in the EUV and was first described by lBerger et al.l 
(1999). They concluded that the moss is emission due to heating 
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(~1 MK, lUgarte-Urra et all l2009h and hot loops 
IBrooks et al.l 120081) . There is evidence that the wai 
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of low-lying plasma by thermal conduction from overlying hot 
loops. Thus, studying the spatia l and temporal charact eristics of 
observ ables such as brightness (lAntiochos et al. 2003), Doppler 
shifts (IDoschek et al 112008b iDel Zan na 2008; iBrooks & Warred 
12009b ITripathi et al.l 120121: Iwinebarger et aD I submitted 201 2[) . 
line widths (IDoschek et al.l 120081: IBrooks & Warred 120 09). 
electron densities dFletcher & de Pqntied 1 1999c Tripathi et al.l 
200 81 l2010al: Iwinebarger et al.ll201 ll) and temperature structure 
(ITripathi et al.ll2010ah in the moss could provide an important 
constraint on the heating mechanism operating in the hot core 
loops. 

Measuring Doppler shift in the moss region is a powerful 
diagnostic tool to disting uish between steady heating and impul- 
sive heating models (IBrooks & Warred 120091: [Del Zannal l2008: 
ITripathi et al.l 12012b . Since the detected Doppler shifts in the 
above mentioned studies were in general not significantly larger 
than the associated uncertainties the exact behaviour of the flows 
at temperatures above 1 MK is still debated and needs to be stud- 
ied with higher accuracy. 

lAntiochos et al.l (120031) found that the intensity inside the 
moss region varies very weakly (only 10%) over periods of 
hours. They also found that the magnetic field inside the moss 
regions changes very slowly. This was the first indication that 
the heating in the moss region is not due to discrete impul- 
sive flare-like events, but to either steady heating or to low 
energy, high-frequency events that approximate a quasi- steady 
process. Heating in symmetric loops foresees no motion and 
therefore no Doppler shifts because the loops are supposed to 
be in static equilibrium. Any kind of asymmetry (like pres- 
sure difference between the two photospheric footpoints of the 
loops or in the heating a nd/or cross section of the loops) , 
can generate steady flows (Noci 1981; Boris &MariskalfT982l: 
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Mariska & Boris 1983). Flows produced in this manner by 
Boris & Mariska (1982) have small veloci ties of few hundred 
m s" 1 unless the asymmetries are extreme (lOrlando et alj fl 995 ; 
IWinebarger et al.ll2002tlPatsourakos et al.ll2004l) . The most com- 
mon flows produ ced by thes e asymmetries are un i-directional 
(like siphon flow. lNocilll98lt ICraig & McClvmontlll986l) . This 
means one of the loop legs should show blue shift and the other 
red shift. In the case of pressure difference between footpoints, 
overpressure at one footpoint of the loop drives an upflow mov- 
ing along the entire loop and drains at the opposite footpoint. 
The flow accelerates with height due t o density decrease in ac- 
cordance with the continuity equation^ ( Aschwanden 2004). 

Heating at both footpoints of the loops can also produce 
flows if it is significa ntly concentrated toward the footpoints 
(Kli mchuk et al. 1 12010. and references therein). The source of 
the heating could be either truly steady or the frequency of the 
impulsive heating could be sufficiently high that a steady ap- 
proximation would be valid. The flows are driven because of 
thermal non-equilibrium. Since the loop has localized heating at 
both sides, evaporative upflows (blue shifts) should occur from 
both ends of the loop. 

Impulsive heating models consider the active region loops 
to be composed of many hundreds of small elemental unre- 
solved strands that are randomly heated by storms of nanoflares 
(CargilJ Il994l) . Some of the strands could show blue shifts 
(upflows) due to chromospheric evaporation and some of the 
strands could show red shifts (downflows) due to cooling and 
condensation of the evaporated plasma. Simulations done by 
iPatsourakos & Klimchuk ( 2006) have revealed that upflows are 
faster, fainter and have a shorter lifetime than downflows. The 
computed line profiles from these strands are found to have a red 
shifted core with an enhanced blue wing. The red shifts are pre- 
dicted to decrease with increasing temperature with sufficiently 
hot lines being blue shifted (Bradshaw & Klimchuk, priv. com- 
mu nication). 

iBrooks & Warrenl (120091) measured the Doppler shift, non- 
thermal width and temporal variation of the Fe xn 195 A line 
over a moss region. They obtained a small red shift of about 2 
to 3 km s" 1 with almost no change in Doppler shift and non- 
thermal velocity with time. They concluded that their result ver- 
ifies quasi- steady heating models. The value they used as a ref- 
erence for measuring the Doppler shift, was obtained by aver- 
aging over the whole raster. However, this is not an accurate 
way to measure small velocities because if the emission out- 
side of the moss has a non-zero absolute Doppler shift, which 
is rather likely, their reported result for the moss Doppler shift 
could change con s idera bly. 

iTripathi et al.l (120121) . usin g a more reliable w avelength cal- 
ibration method developed by I Young et aD (120121) . studied the 
Doppler shifts in the temperature range of 0.7 - 1.6 MK. They 
obtained blue shifts below 2 km s" 1 for both their coolest (Fe ix 
197 A) and hottest (Fe xm 202 A) lines, with an estimated ac- 
curacy of 4 to 5 km s" 1 . They conclude that their result is in 
agreement with predictions of both steady and impulsive heating 
scenarios. Since the uncertainties in their work are quite larger 
than their measured velocities, to reveal the real direction of the 
motions in the moss area, a more accurate Doppler shift mea- 
surements with smaller uncertainties is needed. 

In the present paper, we have concentrated on study- 
ing bulk flows by measuring Doppler shifts in the moss re- 
gion using a high precision method which is based on si- 

1 Ad~ s ( nv ^ ~ 0» where n, v, A, and s are density, velocity, cross 
section, and length coordinate along the ID loop, respectively. 




Fig. 1. Fe xii 193 A AIA image. The area observed on the disk 
by EIS is outlined by the black box. The black perpendicular line 
on the right side of the image represents the EIS slit position off- 
limb. Only the bottom quarter of the off-limb slit is used for data 
analysis. The area scanned by SUMER is shown in a closer view 
in Figure @1 



multaneous observatio ns from the Extreme ultraviolet Imaging 
Spectrometer (EIS, ICulhane et al.l 120071) aboard Hinode and 
the Solar Ultraviolet Measu rement of Emitted Radiation 
(SUMER, Wilhelm et al.l [19951) spectrometer aboard the Solar 
and Heliospheric Observatory (SoHO). The implication of these 
results on the heating of hot loops rooted in moss areas is dis- 
cussed. 



2. Data analysis 

Coordinated SUMER and EIS data (HOP193) were taken on 
4th July 2011, between 15:50 to 18:53 UTC over NOAA 
active region 11243 near disk center. A full disk image by 
the Atmospheric Imaging Assembly (AIA, iLemen et al.l 120121) 
aboard the Solar Dynamics Observatory (SDO) around the time 
of our observation is shown in Figure [T] 

2.1. SUMER data: Doppler shift of Mg x 

Since 1995 the normal incidence spectrograph, SUMER, oper- 
ates between 450 A to 1610 A wavelength range. This powerful 
UV instrument is designed to investigate the bulk motions of 
plasma in the chromosphere, transition region, and low corona. 
The spatial resolution of SUMER across and along the slit is 
1 arcsec and 2 arcsec, respectively. The spectr al scale (~ 43 
mA/p i x at 1240 A in the firs t order of diffraction, Wil helm et al.l 
1 19971: ILemaire et al.l 1 19971) is accurate enougrQ to measure 
the Doppler shift of lines down to 1 km s" 1 . Corrections for 
wavelength-reversion, dead-time, flat-field, and detector elec- 
tronicdistortion are applied to SUMER raw spectral images. 

2 in case of high signal to noise ratios 
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Fig. 2. Left column: top panel shows the first order polynomial 
fit to pixel positions versus rest wavelengths of 8 suitable refer- 
ence lines around the Mg x 625 A line. Lower panel represents 
the residuals of the fitting. The residuals are large, up to 0.6 pix- 
els (~ 6 km s" 1 ). Right column: top and lower panels represent a 
second order polynomial fit to pixel positions versus rest wave- 
lengths and the residuals of the fitting, respectively. The residu- 
als lie within ±0.1 pixels (about 1 km s" 1 ). 



We use SUMER to measure the absolute Doppler shift of 
one coronal line (Mg x 625 A) observed in the second order of 
diffraction around 1250 A. SUMER does not have an on-board 
calibration source, hence we obtain the wavelength scale by us- 
ing a set of chromospheric lines from neutrals and singly ion- 
ized atoms (for instance, C i lines with formation temperatures 
of 10000 K.). These line s are known to have negligible o r small 
average Doppler shifts ( Hassler et al.ll 199 it ISamainlfl99ll) . The 
wavelength calibration has three main steps: identifying the lines 
by using a preliminarily wavelength scale, fitting the Gaussian 
curves to the spectral lines to find the exact pixel position of the 
lines, performing a polynomial fit to obtain the dispersion rela- 
tion. 

The SUMER data that we have used here consist of a sit- 
and-stare0 sequence near disk center over a moss area within 
active region NOAA 11243. The acquired spectra (1245 A to 
1255 A containing the Mg x 625 A line, log T/[K]=6.00) are 
obtained by exposing for 75 s through the 1 x 300 arcsec 2 slit. 
The sequence consists of 48 spectra and results in a small, 10 
arcsec wide, drift scan by solar rotation. We have checked the 
data to be sure that there are no significant instrumental drifts 
in the position of the spectral lines (either along the slit or as a 
function of time across the raster). A high signal to noise spec- 
trum is obtained by averaging over the region of interest. Then, 
by choosing eight suitable reference lines (from relatively strong 
and unblended lines of neutral or singly ionized atoms) we have 
performed the wavelength calibration. A linear fit of their po- 
sitions in pixels versus their laboratory wavelengths results in 
residuals of less than ± 0.6 pixels (see left column of Figure©. 
The residuals clearly show the need for a second-order polyno- 
mial fit that leaves residuals of ± 0.1 pixels (less t han 2 km s" 1 ). 
This is demonstrated in right column of Figure [2] Dad ashi et al.l 
(l201ll) also used a second order polynomial fit to obtain the ve- 
locity of the same line over a quiet Sun area. We believe the need 
for the higher order fit comes from residual errors in the correc- 
tion of the electronic distortion of the detector image. 

To obtain the Doppler shift map of the Mg x 625 A line, 
we have used 624.967 A as rest wavelength. This is the av- 



The slit stays fixed in space and let the Sun rotates beneath. 



erage between the va lues of (624.965 ± 0.003) A given by 
Damma schTtaD (1 1999b and (624.968 ± 0.007) A given by 
Peter & Judgd(ll999l) . The reasons for thi s selection of the abov e 
rest wavelength are described in detail in Dadashi e t~ai] (1201 ll) . 



2.2. EIS data: analysis and co-alignment 

The EIS instrument produces high-resolution stigmatic spectra 
in the wavelength ranges of 170 to 210 A and 250 to 290 A. 
The instrument has 1 arcsec spatial p ixels and 0.0223 A s pec- 
tral pixels. More detail s are given in Culhan e"et al.l (|2007) and 
iKorendvke etaD (l2006h . 

EIS data consists of one raster scan (1 arcsec step size and 
30 s exposure time) of the active region taken nearly simulta- 
neously to the SUMER data, followed by one sit-and-stare se- 
quence taken above the limb. Both observations were obtained 
using the 1 arcsec wide slit. The area of study (NOAA ac- 
tive region 11243) is shown in different wavelength bands of 
AIA/SDO in Figure [3] The over-plotted yellow box on each 
panel of this Figure shows the moss area that we had studied 
here. The eis.prep.pro routine, which is the standard EIS data 
reduction routine available in the SolarSoft (SSW) package, is 
used. This routine subtracts the dark current, removes the cos- 
mic rays and hot pixels, and does radiometric calibration. The 
slit tilt and orbital variation effects are removed from the data by 
using the SSW eis_wave_corr.pro routine. The orbital variation 
caused by the thermal effects on the instrument does not play 
an important role in our study, since the technique we employ is 
based on the measurement of the line separations (the distance 
between the line of which we want to measure the shift and a 
reference line), a quantity that does not change during the rela- 
tively short duration of our observations (for further details see 
iDadashi etap201ll) . 

After removing the offset between the SW and LW detectors, 
we co-align the two instruments (SUMER and EIS) by using a 
pair of radiance maps obtained in lines formed at similar tem- 
peratures: Mg x 625 A (SUMER) and Fe x 184 A (EIS). The 
left panel of Figure |4] shows the position of the SUMER slit at 
the beginning of the drift scan over-plotted on the EIS Fe x 184 
A image raster. The SUMER slit crosses the moss area that we 
have studied in this paper. The right panel of Figure |4] is a blow- 
up of the pink box shown in the left panel. The area scanned 
by SUMER is placed between red and yellow inclined lines. 
Intensity contours of Mg x 625 A plotted on top of the inten- 
sity map of Fe x 1 84 A allow us to co-align the image with an 
accuracy of roughly 1 arcsec. 



2.3. Method of measuring absolute Doppler shifts 

Since there are no suitable cool chromospheric lines in the EIS 
wavelength range, it is not possible to use the same calibration 
technique as with SUMER. 

One of the alternatives is to measure "relative" Doppler shifts 
of hot coronal lines by comparing to observations of quiet Sun 
areas that are present in the same raster scan containing the tar- 
get active region. To obtain " absolute" Doppler shifts with this 
technique, I Young et aD (l2012h have use d the average absolute 
velocities in the quiet Sun measured by iPeter & Judge! (Il999h 
using SUMER spectra. However, there is some degree of uncer- 
tainty and arbitrariness in identifying what is quiet Sun near an 
active region, leading to a substantial uncertainty of the absolute 
velocity. 
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Fig. 3. The NOAA active region 11243 is shown in different wavelength bands of AIA/SDO (top panels). The images are taken 
on 4th July 2011 at 17:00 UTC. The yellow boxes spow the moss area studied in this work. Lower panels are blow ups of the 
corresponding yellow boxes. 



Fe X 184 



- Second, Mg x 625 A (SUMER) and Fe x 184 A (EIS) lines, 
which have similar formation temperature, have the same av- 
erage Doppler shift in the common area of stud}Q. 



Following Dadashi etjd] (1201 ll) . we consider the EIS Fe x 184 
A line as the reference line and obtain all other coronal line ve- 
locities respect to this line. 



Sv = — 



AA - AAoff 1 1 + 



vRefX] 



Then, the absolute Doppler shifts are obtained as 



Sv + v Re f, 



(1) 



(2) 



SUMER slit position 



Fig. 4. Left panel: the position of the SUMER slit at the start! 
of the drift scan over-plotted on the EIS Fe x 1 84 A intensity \ 
image raster. The SUMER slit crosses the moss area that we 
have studied in this paper. Right panel: blow up of the pink box 
in the left panel. Intensity contours of Mg x 625 A are plotted on 
top of the intensity map of the Fe x 184 A line. 



iDadashi et al.l (120111) have introduced a novel technique to 
obtain "absolute" Doppler shifts of hot coronal lines using si- 
multaneous observation of EIS and SUMER. The technique is 
based on two important assumptions: 

- First, above the limb of quiet regions without obvious struc- 
tures, the spectral lines have, on average, no Doppler shift 
because the motions out of the plane of sky cancel out on 
average. 



where Sv and v are the relative (to Fe x) and absolute average 

Doppler shift of each line and v Re f is the average Doppler shift 
of the Mg x line measured by SUMER (see Fig.0, assumed to 
be equal to that of the reference line (Fe x). c and Aq are the speed 
of light in vacuum and the rest wavelength of the line of which 
we want to measure the shift. Since Aq is not used to calculate 
the shift of the spectral line due to the Doppler effect, it does not 
need to be known with high accuracy. 

AA and AAoff are the average of the distribution of wave- 
length separation of the two lines (the line of which we want to 
measure the shift and the reference line) on disk and off-limb, 
respectively. In this work we use this technique to measure the 
absolute Doppler shift of hot coronal lines in the moss region 
of NOAA active region 1 1243. To have a higher signal-to-noise 
ratio, before fitting the line profiles, we have binned the on-disk 
spectra over two raster positions and over two pixels along the 
slit (2x2 binning). In the case of off-limb spectra we have used 
a binning of 3x20 (3 in solar X and 20 in solar Y direction). 

This way, maps of relative Doppler shift were first obtained 
for Fe xi 188 A, Fe xn 192 A, Fe xm 202 A, Fe xiv 270 A, 
and Fe xv 284 A lines. The absolute Doppler shift map of Fe x 
1 84 A was obtained by imposing as rest wavelength a value that 



Reasons are described in Dadashi etjd] (1201 lh . 
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Fig. 5. Intensity and velocity maps of Mg x 625 A obtained by 
the sit-and-stared SUMER observations. Contours of Fe x 184 
A are plotted on both maps. The area that is marked by the red 
arrow corresponds to region b in the moss area (defined in the 
left panel of Figure 0). The average Doppler velocity of Mg x 
625 A is of -6.6 km s" 1 inside region b and of (-5.50 ± 0.55) 
km s" 1 over the whole area shown here. 




solar X (arcsec) solar X (arcsec) 

Fig. 6. Left panel: Intensity map of Fe xn 192 A. Right panel: 
The intensity ratio of Fe xn 192 A and Fe xn 195.2 A lines. 
Smaller ratios correspond to higher electron densities. The iden- 
tified moss area (regions a and b) lie in the regions with higher 
density, as expected. Contours of intensity of the Fe xn 192 A 
line are plotted on both maps. 

gives the same velocity pattern as Mg x 625 A in the common 
observed area. After this, all relative Doppler maps were easily 
converted into absolute Doppler maps. 

2.4. Moss identification 

Figure [6| shows three different contours of the intensity of the 
Fe xii 192 A line dividing the whole area of study into 4 different 
regions. We consider the middle intensity contour as a threshold 
to identify moss (regions a and b together, as marked in the left 
panel of Fig. [6]). 



Fe XII 192.3940/195.1790 




10 6 10 8 10 10 10 12 10 : 

Density/ (cm~ 3 ) 



Fig. 7. Intensity ratio of Fe xn 192 A and Fe xn 195.18 A lines 
as a function of density. Smaller intensity ratios correspond to 
higher densities. 

Table 1. The Fe xn density average over the different regions 
defined in the left panel of Figure 



region 


average density (cm 3 ) 


a 


7.27 x 10 9 


b 


6.31 x 10 9 


c 


4.84 x 10 9 


d 


3.39 x 10 9 



The intensity ratio of Fe xn 192.39 A and Fe xn 195.18 
A is density- sens itive. Using the CHIANTI atomic database 
dLandi et al.ll2012l) . we have derived the intensity ratio of these 
two lines as a function of density (Fig. [7]). Smaller intensity ra- 
tios correspond to higher densities. Right panel of Fig. [6| shows 
the map of the intensity ratio of the above Fe xn lines. Brighter 
intensity contours of Fe xn 192.39 A line, which determine the 
moss region, are plotted on both maps. The identified moss re- 
gion is characterized by higher density, as expected. The average 
electron density for regions a, b, c, and d are listed in Table [T] 
The average moss density (average of regions a and b) is about 
6.6 x 10 9 c m" 3 , which is a bit larger than 4.2 to 5.3 x 10 9 cm" 3 
reported by [F letcher & de Pontie 3 {[999). On the other hand, 
iTripathi et al.l (1201 Oal) obtained larger electron densities of about 
10 to 30 x 10 9 cm" 3 using the Fe xn 195.12 A and 186.88 line 
ratio. However, we should consider that the densities obtained by 
Fe xii lines are overest imated in high d e nsity regions. The new 
Fe xii calculations by iDel Zanna et al.l (120121) show that there 
was some problem with the atomic data which has now been 
resolved. 

3. Result and discussion 

Using the technique introduced by iDadashi et al.l (1201 ll) . and 
summarized in Section 12.31 we have obtained the line of sight 
Doppler shifts of hot coronal lines in a moss area of the active re- 
gion NOAA 1 1243. In the first step of our study, we have defined 
the moss area by intensity contours of Fe xii 192 A. Based on 
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Table 2. The average Doppler shift of hot coronal lines in the different regions defined in the left panel of Fig. [6] Positive and 
negative values of velocity represent downflows (red shifts) and upflows (blue shifts), respectively. 



line (log(T/[K])) 


#a 


V 

[km s 

#b 


- 1 ] 
#c 


#d 


[km s 1 


Fe xi 188.216 (6.04) 


-2.83 


-5.14 - 


-5.51 


-6.45 


2.27 


Fe xii 192.394 (6.15) 


-3.70 


-5.06 - 


-5.50 


-8.57 


2.51 


Sx 264.233 (6.15) 


-4.48 


-5.39 - 


-5.05 


-7.31 


2.06 


Fe xm 202.044 (6.20) 


-3.78 


-4.67 - 


-3.93 


-8.57 


1.96 


Fe xiv 270.519(6.26) 


-1.04 


-1.82 - 


-1.60 


-6.81 


2.15 


Fe xv 284.160 (6.32) 


-1.52 


-0.36 - 


-0.46 


-7.75 


2.08 



Region a 
Region b 
Region c 
Region d 



Intensity Fe XII 192 



-10 



6.00 




6.05 



S X 264 

Fe XIII 202 
Fe XII 192 



6.10 6.15 6.20 6.25 
log(T/[K]) 



6.30 



6.35 



Fig. 8. The average Doppler shift of hot coronal lines in different 
regions defined in the left panel of Fig. [3 plotted as a function 
of formation temperature. Fe xn and S x have nearly the same 
formation temperature, but are plotted a bit separated for bet- 
ter readability. Positive and negative values of velocity represent 
downflows (red shifts) and upflows (blue shifts), respectively. 



these contours, four different areas are defined in that region (left 
panel of Fig.©. Table[2]lists the Doppler shift values for each of 
these regions with the corresponding uncertainties. Positive and 
negative values of velocity represent downflows (red shifts) and 
upflows (blue shifts), respectively. 

The error reported in this Table S(v) is obtained by error 
propagation analysis of Eqs.[T]and[2l The error on AAo/f is given 
by the width cr of the off-limb line- separation distribution. Since 
the on-disk line separation distribution is also broadened by the 
different Doppler speeds characterizing the two lines at different 
temperatures, the error for AA is assumed to be equal to that off- 
limb. This leads to the same error for a given line in all different 
regions on disk. 

Figured shows the average Doppler shift for the four regions 
defined by intensity contours of the Fe xn 192 A as a function 
of temperature. The Doppler shifts of the lines in the tempera- 
ture range from 1 to 1.6 MK over regions a, b, and c show con- 
stant blue shifts or upward motions of about 5 km s" 1 . For hot- 
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Fig. 9. Ten different small square areas selected to study the 
Doppler velocities therein, overplotted on a map of Fe xn 192 A 
intensity. Green contours are intensity contours of Fe xn 192 A. 
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Fig. 10. The Doppler shift as a function of temperature for the 
ten boxes defined in Fig. Fe xn and S x have the same forma- 
tion temperature but are plotted a bit separated for better read- 
ability. 
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Fig. 11. Intensity (upper panels) and velocity maps (lower panels) for Different ions with different formation temperatures. Green 
contours are intensity contours of Fe xn 192 A plotted on top of intensity (top row) and velocity maps (bottom row) of different 
ions. Yellow contours on velocity maps outline red shifted pixels. Red contour is the brightest area which is common in both EIS 
and SUMER field of views and is used for velocity calibration. 



ter lines the upward motions decrease down to about 1 km/s for 
Fe xv. Region a, which corresponds to the highest electron den- 
sities and intensities of the Fe xn 192 A line, shows a somewhat 
smaller blue shift than the other regions for temperatures below 
1.8 MK. Region d, that has the smallest intensity and density 
values, shows almost constant and stronger blue shift of about 8 
km s" 1 , in the temperature range from 1 to 2 MK. 

For hotter lines (1.6 to 2 MK) there is almost no prevalent 
motion in regions a, b, and c (0 to 2 km s" 1 , with velocities 
never diverging by more than 2<x from zero). Region d at the 
same temperature shows strong blue shift. 

To have a better understanding of the behaviour, we have se- 
lected ten small boxes at different locations of the area of interest 
(shown in Fig. [9]) and calculated the average absolute Doppler 
shifts inside each box. Figure [TO] displays the average absolute 
Doppler shifts of different ions as a function of their formation 
temperatures in the ten selected areas. 

The same general behaviour of velocity is observed with re- 
spect to temperature in all regions. Doppler shifts are essentially 
constant up to temperatures of about 1.6 MK. Above this value, 
upward velocities decrease and almost stop at a temperature of 
about 2 MK except for the loop legs and the parts of the moss 
with lower electron densities (e.g. regions 1, 2, 3, 9, and 10). 



The inner (brighter and denser) part of the moss shows smaller 
upflows (regions 4 and 5). In contrast, regions 1, 2 and 8, 9, 
which are on the legs of the hot coronal loops (as suggested also 
by magnetic field extrapolations, see Fig. [12]), show larger blue 
shift (upward motions) of about 10 km s" 1 between 1 MK and 
1.6 MK. This suggest that as the plasma rises higher along the 
loop leg, it accelerates. This conclusion is further illustrated by 
region 10, which lies further up in the loop leg and is associated 
with higher upflows of about 13 to 14 km s" 1 ). In all regions, 
colder lines sense stronger upflows (the colder, the more shifted 
to the blue). 

Hotter lines like Fe xiv 270 A and Fe xv 284 A in the brighter 
and denser part of moss reveal no significant motions (the only 
exception is region 5 that shows a small red shift (downward 
motion) of about 3 km s" 1 at this temperature). The intensity and 
corresponding Doppler shift maps of all these hot coronal lines 
are plotted in Fig. [TT] The red shifted area of Fe xiv and Fe xv 
lies within the yellow contours overplotted on the corresponding 
velocity maps. 

Our results for Fe xn are based on the unblended Fe xn line 
at 192 A. However, we have also obtained the velocity from the 
Fe xii 195. 120 line which is one of the brightest lines recorded by 
EIS. This line is blended by Fe xn 195.180 A in its red wing. The 
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Fig. 12. Magnetic field lines extrapolated from photospheric 
field and plotted over Fe xn 193 A image of AIA/SDO. Red con- 
tours show positive and blue and green contours show negative 
polarities. The yellow frame represents the region of the moss 
study in this work. 

density sensitive ratio, 195.180/195.120, increases with increas- 
ing density. Considering both components, performing a double 
Gaussian fit will res ult in redder velo cities than the other un- 
blended Fe xii lineal (I Young et al.ll2QQ9h . Here we find that con- 
sidering a double Gaussian profile for Fe xn 195 A on average 
results in a velocity redder than Fe xn 192 A by about 2.2 km s" 1 

To have a more precise idea about the orientation of the hot 
coronal loops, we have extrapolated the photospheric field into 
the solar corona by using photospheric vector magnetograms 
obtained by the Helioseismic and Magnetic Imager (HMI, 
ISchou et al.ll2012h aboard Solar Dynamics Observatory (SDO). 
The nonlinear force-free coronal magnetic field extrapolation 
techni que used here is described in detail by Wiegelm ann et al.l 
d2012h . Figure [12] shows the magnetic field lines plotted over 
an AIA/SDO image taken at 17:00 UTC, which lies within the 
time frame of our study. The field of view for applying nonlinear 
coronal magnetic field extrapolation (the whole window of Fig. 
lT2l) is chosen in order to fulfill consistency criteria: 

- The vector magnetogram should be almost perfectly flux bal- 
anced. 

- The field of view should be large enough to cover weak field 
surrounding of the target active region. 

The field lines shown in Fig. [12] better reveal the prevail- 
ing direction of the hot loops than can be seen in the 211 and 
335 AIA channels. Note that the loops emerging from the moss 
extend away from it in two directions. These are the short loops 
extending North-East from the upper part of the moss. These cor- 
respond to the loops well visible in Fe xiv and Fe xv, whose legs 
are sampled by boxes 1, 2, 8, 9, and 10 in Fig. [9] The results of 
the magnetic field extrapolation show another set of loops which 
is directed the South-East starting from the moss (more visible 
in cooler lines like Fe ix 171 A). Thus, the Fe xiv and Fe xv red 

5 http://msslxr.mssl.ucl.ac.uk: 8080/eiswiki/Wiki.jsp?page=EisDiscus 
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shifted regions visible in Fig. [TT] (outlined by the yellow con- 
tours) appear located in the areas free of line-of-sight contamina- 
tion from plasma higher up along the loop legs. Since the emis- 
sion from the loop legs is clearly blue shifted, we may speculate 
that the near zero blue shifts observed over the moss may actu- 
ally be a combination of red shift at the footpoint and blue shift 
along the loops. Both red and blue shifts are too small to leave 
a signature in the line profile sufficiently strong to disentangle 
the two velocity components in a single line profile at the EIS 
spectral resolution. However, the possibility that the red shifted 
region seen in Fe xv is due to an independent phenomenon, can- 
not be entirely excluded. 

Impulsive heating models that consider a group of unre- 
solved strands heated by periodic events like nanoflares, pre- 
dict red shift (downward motion) on both legs of the loops 
in ~1 MK lines and more complex profiles with an extended 
blue wing in very hot lines su ch as Fe xvn (Klimchuk 2006; 
iPatsourakos & Klimchull2006h . 

Our Doppler shift measurements inside the moss region do 
not show the predicted red shift of ~ 1 MK lines and the increas- 
ing blue shift of lines at increasingly higher temperatures, but 
rather the opposite. We clearly see blue shifted emission in lines 
formed between 1 and 1.6 MK and almost zero velocity at the 
Fe xv formation temperature. Moreover, we have studied the line 
profiles associated with some of these ten regions to look for pos- 
sible asymmetries. Figures [13] to [15] show the spectral line pro- 
files for Fe xii 192 A, Fe xm 202 A, Fe xiv 270 A, and Fe xv 284 
A over the selected regions 4, 5, and 10, respectively. A single 
Gaussian fit is performed on all line profiles. Residuals of each 
fit are also plotted right under the panel with the line profile. 

The spectral profiles seem to be well represented by a 
Gaussian and no specific asymmetry is detected (residuals are 
less than 2 to 3% of the amplitudes of the line profiles). Fe xiv 
270 A and Fe xv 284 A line profiles seem to be weakly blended 
with Mg vi 270.394 A and Al ix 284.015 A in their blue wings 
(the small bumps in the residual plots). After taking out the ef- 
fect ofthese_blejids^ are highly symmetric (see 
also lTripathi et alJlin preparation!) . If profiles with extended blue 
wings are actually present at the footpoints of hot loops, they are 
only observable in lines much hotter that Fe xv. 

Measurements of density and thermal properties of moss ob- 
served by_j}ISJiaye shown no significant change over several 
hours dTripathi et al .11201 Oal) . This leads the authors to suggest 
that the heating of the h ot coronal loops associate d to the moss 
might be quasi- steady. iBrooks & Warrenl ([2009) have shown 
that the amount and variability of shifts and widths of coronal 
lines is small and appears consistent with steady heating mod- 
els. However, we note that variability of density, flows and line 
widths were studied on a spatially averaged region and any small 
scale variations may get averaged out. Steady heating models 
of perfectly symmetric coronal loops predict no bulk motions 
since the condu ctive flux from the corona is balanced by ra - 
diative cooling (iMariska & Borislll983l: iKlimchuk et al.ll2010h . 
Impulsive heating, on the other hand, predicts definite plasma 
flows, which are temperature dependent. The relationship be- 
tween velocity and temperature after spatial averaging may not 
be straight forward, as different strands may be evolving com- 
pletely independently and providing mixed observational signa- 
tures. 

The near absence of Doppler shifts in the hotter lines (Fe xiv 
and Fe xv) and, in general, the absence of red shifted emission 
in the observed moss region, along with the observed symmetric 
3hne profiles, seems to be consistent with quasi- steady heating of 
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Fig. 13. Spectral profiles of Fe xn, Fe xm, Fe xiv, and Fe xv obtained over region 4 (defined in Fig. [9]). 
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Fig. 14. Spectral profiles of Fe xn, Fe xm, Fe xiv, and Fe xv obtained over region 5 (defined in Fig. [9]). 



non- symmetric loops. Steady heating driven by pressure differ- 
ence between the footpoints of the loops predicts the flows to 
be accelerated with height. For non-symmetric loops, this effect 
will produce siphon-like flows in which one footpoint will be 
red shifted and the other would be blue shifted. Unfortunately, 



we can not check and compare the flows at the other footpoint 
of these loops. In fact, due to the fact that the Hinode spacecraft 
suffered from seasonal eclipses at that time of the year, the other 
footpoint is missing in the EIS image raster (Figure |4]). 
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Fig. 15. Spectral profiles of Fe xn, Fe xm, Fe xiv, and Fe xv obtained over region 10 (defined in Fig. [9]). 



In support of quasi-steady heating of hot loops, we have 
found the Doppler shift to increase as we go higher in the loop 
leg (Figures[9]and[T0|. However, observations of a larger sample 
of moss regions in lines covering higher temperatures than Fe xv 
would be necessary to consolidate our findings. 

4. Summary 

- By combinin g SUMER and EIS da ta, with a new technique 
developed by iDadashi et al.l (120111) . we have measured the 
absolute Doppler shift of hot coronal lines (Fe x 1 84 A, Fe xi 
188 A, Fe xii 192 A, Fe xm 202 A, Fe xiv 270 A, and Fe xv 
284 A) in the moss of an active region. 

- The moss is identified as the region where Fe xn 192 A in- 
tensity corresponds to electron densities above about 6.6 x 
10 9 cm" 3 . 

- The inner (brighter and denser) part of the moss area shows 
roughly a constant blue shift (upward motions) of 5 km s" 1 
in the temperature range of 1 MK to 1.6 MK. For hotter 
lines the blue shift decreases, down to 1 km s" 1 for Fe xv 
284 A. Absol ute Doppler shift maps are obtained using the 
Dad ashi et alJ (120111) technique. The general dependence of 
the velocity on temperature seems to be the same everywhere 
in the map. In all regions, the colder the line the stronger the 
blue shift. 

- In general, the inner (brighter and denser) part of the moss 
shows smaller blue shifts, whereas the legs of hot coronal 
loops with footpoints in the moss, show larger blue shift. 

- Our velocity measurements inside the moss region do not 
show the red shifts predicted by the impulsive loop heat - 
ing model (Klimchuk 2006; Patsourakos & Klimchuk 2006). 
Also, we have found the line profiles to be highly symmetric, 
which is in contrast with the predictions of impulsive heating 
models. 



- The near absence of motions seen in the hotter lines and, in 
general, the absence of red shifted emission in the observed 
moss region, as well as the observed symmetric line profiles, 
and higher velocities in higher parts of the loop legs seem 
to be consistent with quasi- steady heating models for non- 
symmetric loops. 
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